Electrical steel is a soft magnetic steel material used in electric devices such as transformers and motors. The performance of these electric devices is primarily related to the magnetic properties of electrical steel, and the assessment of the magnetic properties of electrical steel has been considered an important topic. We use neutron grating interferometry, which is an imaging technique for visualizing the magnetic domain of electrical steel as the evaluation of magnetic properties. The dark-field image provided by neutron grating interferometry shows a sensitive contrast with respect to the magnetic domain of electrical steel due to the small angle neutron scattering generated at the domain wall. The Talbot-Lau interferometer was installed, and the feasibility test of high-resolution dark-field imaging was conducted at cold neutron imaging beamline of the NIST Center for Neutron Research. The dark-field image of electrical steel was compared with the magnetic domain image observed by the Bitter pattern based on the magnetic powder method to prove the validity of neutron grating interferometry. The dark-field image visualizes the magnetic domains of electrical steel, more detailed domain walls regardless of laser-irradiated lines than Bitter pattern result.
INTRODUCTION
Electrical steels are used as the core for electric motors in hybrid vehicles or in power or delivery transformers as they increase the efficiency of these devices. Because of these applications, electrical steels are considered one of the highvalue steel materials for the future. The performance of electromagnetic devices is directly related to magnetic properties including hysteresis and core loss, which depends on the magnetic domain structures. Recent developments of electrical steels have improved these performances. At the same time, there has been little effort to develop new evaluation techniques for the performance of electrical steel.
Various techniques that can visualize the magnetic domain are briefly described in Ref. [1] . The magnetic powder method, called the Bitter method [2] , which is a classical method, visualizes the magnetic domain by detecting the interaction of ferrite magnetic powders with stray fields occurring perpendicular to the sample surface. The powders agglomerate at positions of maximum magnetic flux, in particular domain walls, and the domain visualized by the optical microscope is limited to the domain on the top surface of sample.
Magneto-optical microscopy techniques [3, 4] Electron microscopy techniques (Lorentz microscopy [5] and scanning electron microscopy (SEM) [6, 7] ) visualize the magnetic domain with resolution down to micrometer scale.
The former, based on the Lorentz force, maps the magnetic domain by detecting the deflection of electrons as they pass through the magnetic induction field of the sample. The latter detects reemitted electrons from the sample, and it reveals the magnetic stray fields outside the sample by detecting secondary electrons of low energy for the type I and the magnetic field inside the sample by detecting back-scattered electrons of high energy for the type II. The SEM with polarization analysis (SEMPA) [8] is another technique which detects the spin polarization of secondary electrons directly related to the magnetization of sample. Though electron microscopy enables observing the magnetic domain for thicker samples with a depth of several micrometers, it is still surface-sensitive, which means it is difficult to measure bulk samples, and cannot be used with an external magnetic field which disturbs the image contrast of the magnetic domain.
Magnetic force microscopy (MFM) [9] is a local probe technique for visualizing the magnetic domain with resolution down to about several tens of nanometers. It simultaneously visualizes topographic and magnetic images by detecting the magnetic interaction between the sharp magnetized tip and the sample surface. However, the technique allows only a few special samples and conditions, and suffers from the disturbance on sample magnetization due to the ferromagnetic probe tip.
Intensive studies on the visualization of magnetic domain structures have been carried out using the above-mentioned techniques to understand physical characteristics of magnetic domains. Magnetic domain imaging has been applied to investigate not only the grain structures related to the wall movement of magnetic domains on the effect of precipitates [10, 11] but the characterizations of electrical steel sheet with respect to the mechanical stress generated by a compression [12] , a tension [13] , a cutting [14] , and a coating [15] . Furthermore, the dynamic domain imaging at power frequencies have been investigated [16, 17] . However, since the above-mentioned techniques are surface-sensitive the results strongly depend on the thickness and the preparation state of the sample.
In contrast, neutron imaging holds high potential as a nondestructive method that can visualize magnetic domain structures of the bulk sample owing to the long penetration depth of neutrons, i.e. several centimeters. Since the neutron possesses a magnetic moment, the magnetic structure of a sample be visualized by detecting the change in the magnetic moment. There are several techniques to visualize magnetic domain structures using neutrons; polarized neutron imaging [18] , dark-field imaging of neutron grating interferometry [19] [20] [21] , and neutron topography [22] . Neutron grating interferometry visualizes the magnetic domain structure of magnetic materials by providing the dark-field image (DFI) based on small angle neutron scattering (SANS) and has been actively studied on the electrical steel sheet [23] [24] [25] [26] [27] .
In this paper, we describe high-resolution dark-field imaging for visualizing the magnetic domains of electrical steel sheets using neutron grating interferometry. The neutron grating interferometer with the camera-based high-resolution system produces the high-resolution DFI, and it reveals the magnetic domains inside the electrical steel sheets. The electrical steel sheets were also measured by the Bitter method and the classical magnetic domain results were compared with the DFI results.
EXPERIMENTAL PROCEDURES
One can describe how the neutron interacts with a material according to a refractive index, , which consists of the real part related to a nuclear potential and the imaginary part related to absorption and incoherent scattering. In the case of a magnetic material, the neutron interaction is additionally affected by the magnetic field of the material, and the refractive index of neutron becomes , where a nuclear contribution and a magnetic contribution , in the interaction of the magnetic material [28] .
It is well known that electrical steel consists of magnetic domains, which is the region of equally magnetic moment The Moiré pattern is recorded by detector pixels using the phase stepping method in which one of the gratings moves several fractional intervals of its period in the perpendicular direction to the grating structure, and hence a stack of images at different phase steps are obtained. For the equivalent pixel position of the image stack, the intensity of the Moiré pattern is recorded as a sinusoidal intensity oscillation as to phase steps and is schematically shown in Fig.1 (b) .
The sample deforms the intensity structure of Talbot (and hence Moiré) pattern (sinusoidal red line in Fig. 1a ). The
Moiré pattern is analyzed in each detector pixel along phase steps x g is expressed in a Fourier series by [28] (
, where is the amplitude coefficient, is the phase coefficient, is the wave number, is the period of , and is the fractional interval of (i.e. the size of phase step). The sinusoidal intensity oscillation is characterized by coefficients of the offset , the amplitude , and the phase , which can be extracted by Fourier analysis.
The DFI that reveals the magnetic domain of electrical steel sheet is obtained by ,
where is the visibility, and is the extracted Fourier The measurements were performed at the cold neutron beamline NG6 of the NIST Center of Neutron Research (NCNR) [30] and the details of TLI are shown in Table 1 . It was operated in polychromatic beam with wavelengths above 0.4 nm due to a cut off by a beryllium filter of 5 cm. The beam-defining aperture diameter of the neutron source was 
RESULTS AND DISCUSSION
An example DFI of electrical steel sheets measured by a lower spatial resolution TLI system [32] is shown in Fig. 3 (a). The electrical steel sheets were irradiated with a laser for two different the laser-irradiated distances of 5 mm and 2 mm. The DFI shows the magnetic domain consisting of several grains with each different contrast as shown in Fig. 3 (b) , which is a median-filtered image with the filter size of 10×10 pixles for cropped regions of electrical steel sheets in Fig. 3 (a). The contrast of each grain in the DFI results from the in SANS of each grain and differs because of distribution of crystallographic orientations. The DFI also shows laser-irradiated lines as shown in Fig.   3 (a) . The dark-field contrast of laser-irradiated lines, which are higher than the contrast of the neighboring region, means more SANS originates from here, and it is due to the supplementary domains created by the laser-irradiation [23] . In general, it is well known that the supplementary domains observed near laser-irradiated lines are attributed to compressive stress in the vicinity of laser-irradiated line [33] .
This compressive stress results from the thermal shock at the fast heated and cooled zones due to the laser-irradiation [34, 35] . That is, since the region where compressive stress appears makes magnetoelastic energy increase, the supplementary domains are stabilized in the laser-irradiated lines, thereby generating complex domain structure which has a large number of domains in the vicinity of laser- Fig. 3. (a) Dark-field image and (b) grain boundary image of electrical steel sheets irradiated with laser at laser-irradiated distances of 5 mm (left) and 2 mm (right). Fig. 3 (b) is image-processed by a median filter with a filter size of 10×10 pixels for cropped regions of electrical steels in Fig. 3 (a) . (c) Intensity oscillations at the positions in the air reference(R) and the several grains of the electrical steel (1, 2, 3 ). irradiated line [34] . The complex domain depends on the laser energy, and the laser-irradiation with higher energy creates a more complex domain with many domains [36] .
Therefore, the contrast of laser-irradiated lines of the left sheet is higher than that the right sheet, which means the left sheet is relatively strongly laser-irradiated. Furthermore, the SANS which is generated at the laser-irradiated edges like as that there is a higher contrast at the edges of the electrical steel sheets contributes to the additional dark-field contrast of laser-irradiated lines.
An optical photograph of electrical steel sheets and the corresponding high-resolution DFI in the region of interest (ROI) indicated by the blue box are shown in Fig. 4 . In both the photograph and the DFI, the electrical steel sheet with the laser-irradiated distance of 5 mm is shown on the right and the sheet of 2 mm is on the left. In Fig. 4b the laser-irradiated lines of both electrical steel sheets are marked by arrows. In the high-resolution DFI, the degradation of visibility represents the domain wall directly and the domain wall appears as the dark stripe itself, and hence the grain boundaries are estimated by the direction and density of domain walls.
The high-resolution DFI shows refined basic domains after the laser-irradiation since it directly displays domain walls at grains. For the electrical steel sheet of the laser-irradiated distance of 5 mm, the ROI displays three grains of refined basic domains, and grains ① and ② show more refined domains than the grain ③. Similarly, for the electrical steel sheet of 2 mm distance, the grain ④ shows more refined domains than the grain ⑤. The number of domain walls at grains ① to ⑤ are 18, 20, 12, 25, and 12 respectively for the length bar of 3 mm. It isn't exactly comparable to the width of domain wall between grains, but quantitatively, the widths of domain wall at grains ① to ⑤ are 0.17 mm, 0.15 mm, 0.25 mm, 0.12 mm, and 0.25 mm respectively.
In Fig. 4 (b) , for highly refined grains, the grain ④ in the electrical steel sheet with the laser-irradiated lines of 2 mm, seem to have relatively higher contrast compared with grains ① and ② in the sheet with the laser-irradiated lines of 5 mm. These fine grains result in the significant reduction of visibility due to the relatively large SANS. There are two possibilities for the phenomenon. It is well known that the refinement of the basic domain structure is due to tensile stress between laserirradiated lines to decrease the stray field energy [33] , and it is related to the conditional parameters of laser-irradiation such as the laser energy and the laser-irradiated distance [35] . As mentioned above, the laser energy is related to complex domains due to supplementary domains in the vicinity of laserirradiated line. In addition, the width of basic domain is refined when the laser energy decreases. Hence, grain ④ shows more refined basic domains than grains ① and ②, and it results higher contrast by corresponding density of domain walls. The other possibility is the existence of supplementary domains. A narrower laser-irradiated distance induces higher compressive stress in a unit area on the sheet [36] and forms supplementary domains which are stabilized by the compressive stress. In this case, the dark-field contrast of domain walls related with the supplementary domains in the grain ④ is relatively higher than that of grains ① and ②. As shown in Fig. 4 (b) , for this reason, the electrical steel sheet with the laser-irradiated lines of 2 mm shows much dark area compared with the sheet of 5 mm.
The Fig. 5 shows the result using high-resolution DFI and Bitter method of electrical steel sheet with a laser-irradiated Fig. 4 (a) . The gadolinium (Gd) marker is shown in the middle-top region.
대한금속 · 재료학회지 제57권 제6호 (2019년 6월) distance of 5 mm for the red box in Fig. 4 (a) . The DFI clearly shows narrower domain walls than the image of the Bitter method. It is because the magnetic powder agglomerates over the magnetic domain walls on the top of the electrical steel sheet [38] while the neutron can penetrate into the electrical steel sheet and directly interact with the inner domain walls.
Hence, as shown in the blue box in Fig. 5 , the DFI shows the narrow domain walls without discontinuity in respect of the laser-irradiated lines (arrows in Fig. 5 Both methods have interruption elements for visualizing the magnetic domain. The magnetic powder creates the agglomeration across the domain walls as shown in Fig. 5 (b). In Fig. 5 (a) , the wide vertical dark periodic lines over the entire images based on the mismatch of the Moiré pattern results in the interruption of the magnetic domain visualization and makes difficult to estimate grain boundaries in this image. However, this systematic can be removed by the precise grating alignment or translating the phase grating instead of the source grating. 
CONCLUSION

